Population bottlenecks can have major effects in the evolution of RNA viruses, but their possible influence in the evolution of DNA viruses is largely unknown. Genetic and biological variation of herpes simplex virus type 1 (HSV-1) has been studied by subjecting 23 biological clones of the virus to 10 plaque-to-plaque transfers. In contrast to large population passages, plaque transfers led to a decrease in replicative capacity of HSV-1. Two out of a total of 23 clones did not survive to the last transfer in 143 TK -cells. DNA from three genomic regions (DNA polymerase, glycoprotein gD and thymidine kinase) from the initial and passaged clones was sequenced. Nucleotide substitutions were detected in the TK and gD genes, but not in the DNA polymerase gene. Assuming a uniform distribution of mutations along the genome, the average rate of fixation of mutations was about five mutations per viral genome and plaque transfer. This value is comparable to the range of values calculated for RNA viruses. Four plaque-transferred populations lost neurovirulence for mice, as compared with the corresponding initial clones. LD 50 values obtained with the populations subjected to serial bottlenecks were 4-to 67-fold higher than for their parental clones. These results equate HSV-1 with RNA viruses regarding fitness decrease as a result of plaque-to-plaque transfers, and show that population bottlenecks can modify the pathogenic potential of HSV-1. Implications for the evolution of complex DNA viruses are discussed.
INTRODUCTION
The concept that small asexual populations of organisms will tend to accumulate deleterious mutations unless genetic lesions are repaired by sex or recombination was first proposed by Muller (Muller, 1932 (Muller, , 1964 and is known as the Muller's ratchet hypothesis (Bell, 1988; Colato & Fontanari, 2001; Felsenstein, 1974; Maynard Smith, 1976; Nowak & Schuster, 1989) . Its operation has found experimental confirmation mainly in studies carried out with RNA viruses (Chao, 1990; Clarke et al., 1993; de la Iglesia & Elena, 2007; Duarte et al., 1992 Duarte et al., , 1994 Escarmís et al., 1996 Escarmís et al., , 2009 Novella, 2004; Novella & EbendickCorpus, 2004 ; reviewed by Escarmís et al., 2006) , and also with plants, protozoa, mitochondrial DNA and bacteria (Allen et al., 2009; Andersson & Hughes, 1996; Bell, 1988; Coates, 1992; Engelstädter, 2008; Loewe, 2006; Moran, 1996) . The effects of Muller's ratchet are accentuated when an asexual genome population undergoes severe bottleneck events. In the case of RNA viruses, mutation rates in the range of 10 23 to 10 25 substitutions per nucleotide copied (Batschelet et al., 1976; Domingo et al., 1996 Domingo et al., , 2006 Drake & Holland, 1999; Sanjuán et al., 2010) dictate that 0.1 to 10 mutations will occur upon synthesis of any new genomic molecule in an infected cell. Generally, the frequency of deleterious mutations is on average higher than the frequency of beneficial mutations. In consequence, the random sampling of a genome from a population to give rise to a new plaque on a cell monolayer is expected to lead to some fitness decrease [an overall decrease in the ability to produce viral progeny (Quiñones-Mateu & Arts, 2006) ], as observed experimentally (reviewed by Escarmís et al., 2006) . Furthermore, in contrast to large population passages, in the course of serial plaque-to-plaque transfers, competitive selection of variants is restricted to virus replication during plaque development, thus limiting the possibilities of negative selection (elimination or decrease in the frequency of genomes harbouring deleterious mutations) and fitness gain (Escarmís et al., 2006) .
Studies on the operation of Muller's ratchet with complex DNA viruses are of interest because few studies have addressed measurements of mutation rates with complex viruses, and the possible biological effects of bottleneck events have not been investigated. Evidence from the frequency of mutants resistant to antiviral inhibitors suggests that complex DNA viruses may share, at least on occasions, high mutation rates with RNA viruses and more simple DNA viruses (Biswas & Field, 2008; Pardeiro et al., 2004; Smith & Inglis, 1987; Sukla et al., 2010) . The order Herpesvirales are remarkably diverse in nature (McGeoch et al., 2008) . High throughput sequencing of cytomegalovirus from congenitally infected neonates has documented intrahost genomic variability comparable to that of RNA viruses (Renzette et al., 2011) . Genetic heterogeneity in vivo has been also documented with equine herpesvirus-2 (Brault et al., 2011) . There is ample evidence of DNA virus variation in the field by mutation and recombination (reviewed by Domingo et al., 2001a) . However, a quantitative evaluation that suggested rapid evolution of variola virus was not conclusive for other complex DNA viruses including herpes simplex virus type 1 (HSV-1) (Firth et al., 2010) . It has long been recognized that laboratory and clinical isolates of HSV can contain mixtures of related variants despite the viral polymerase encoding a 39 to 59 proofreading-exonuclease, which should enhance templatecopying fidelity (Hwang et al., 1997 (Hwang et al., , 2004 Tian et al., 2009) . Acyclovir-sensitive clinical isolates of HSV-2 included six to eight acyclovir-resistant TK mutants per 10 4 plaque-forming viruses, that could be selected upon treatment with acyclovir (Pardeiro et al., 2004; Parris & Harrington, 1982; Sarisky et al., 2000 Sarisky et al., , 2001 . If copy number expansions of the type described for poxviruses (Elde et al., 2012) occurred in herpesvirus, they could contribute to adaptability. At present, the extent and biological consequences of genetic variation of complex DNA viruses is largely an open question.
In the present study, we investigate the effect of repeated plaque-to-plaque transfers on the replicative ability and some biological properties of HSV-1. The results indicate that bottleneck events, but not large population passages, result in diminished replicative capacity of the virus. The estimated rate of accumulation of mutations per genome in HSV-1 as a result of the serial plaque transfers is close to the values previously determined for RNA viruses. Furthermore, a salient biological feature such as mouse neurovirulence was profoundly altered as a result of the bottleneck passages. Implications for the evolutionary features of HSV-1 compared with the highly variable RNA viruses are discussed.
RESULTS
The effect of serial plaque-to-plaque transfers of biological clones of HSV-1 on virus survival
To study the consequences of plaque-to-plaque transfers and whether Muller's ratchet can operate in HSV-1, viruses from 23 biological clones were obtained by dilution and plating of a preparation of the F strain of HSV-1 (named A 1 , B 1 , C 1 , D 1 , E 1 , F 1 , G 1 , H 1 , I 1 , J 1 , K 1 , L 1 , M 1 , N 1 , O 1 , P 1 , Q 1 , R 1 , S 1 , T 1 , V 1 , W 1 and Y 1 ), as described in Methods (Fig. 1) . Each viral clone was diluted and subjected to up to 10 repeated plaque-to-plaque transfers in 143 TK 2 cells. Plaque transfers resulted in a reduction of viral fitness, as measured by the virus titre present in individual plaques (Fig. 2) . The number of p.f.u. in a plaque is an adequate surrogate fitness value for replication in the cells used for plaque development (Escarmís et al., 1996) . The decrease of mean viral titre was statistically significant (Fig. 2a) . Fitness decrease was not homogeneous among the clones. The 10 serial plaque-to-plaque transfers could be completed for 21 of 23 clones. Clones S 10 and Q 10 did not undergo a detectable fitness decrease. Plaques were not formed for series F at passage 9 and for series R at passage 3, indicating severe fitness loss. Repeated plating of these viruses failed to produce visible plaques in 143 TK 2 cells, but produced visible plaques on Vero cells. Thus, loss of plaque formation by HSV-1 in a cell type does not necessarily preclude plaque formation in another cell type (see Discussion). No fitness decrease was detected in virus from plaques isolated from the parental HSV-1 F population subjected to large population passages (Fig.  2b) . Thus, serial bottleneck events lead to fitness decrease in HSV-1.
Mutation frequencies in different HSV-1 genomic regions
DNA sequence analysis of the parental HSV-1 clones A 1 to Y 1 and of the corresponding clones subjected to 10 plaqueto-plaque transfers (except for F 8 and R 2 that survived only 8 and 2 transfers, respectively) indicated the absence of mutations in the EXO III region of the DNA polymerase. Since a total of 8395 nt were sequenced (calculated from the length in nucleotides of the sequenced region given in Table S1 , available in JGV Online, multiplied by the 23 biological clones that were sequenced), the absence of mutations implies a mutation frequency lower than 1610 24 substitutions per nucleotide for this genomic region. The mutation frequency is calculated by dividing the number of mutations that distinguish the genome of the virus subjected to plaque transfers from the genome of the corresponding initial genome, by the number of nucleotides sequenced, given in Table S1 . In the gD-coding region, two synonymous transitions (that is, that do not lead to an amino acid substitution) were found (Table 1) . Since a total of 9361 nt were sequenced, the value means an average mutation frequency of 2.1610 24 substitutions per nucleotide for this genomic region. In the TK gene only one mutation was observed that led to an amino acid substitution Cys to Ser, which occurs with an average frequency according to matrices of amino acid replacements (Feng et al., 1985; Henikoff & Henikoff, 1992) . This substitution was not observed in the initial population 
*Plaque-to-plaque transfers were carried out as described in the text and depicted in Fig. 1 . DNumbered from 59-end of the individual gene. dData obtained from the published sequence of F strain (Szpara et al., 2010) . §Primers are excluded. The analysis of the EXO III region of the DNA polymerase is not included in this table because no mutations were found (see text).
Muller's ratchet in HSV-1 (strain F) or in any of the initial clones, and did not occur during large-population passage in 143 TK -cells. However, it occurred in eight of the clones by plaque transfer 10. In the region of the TK gene analysed (10 143 nt) this corresponds to a mutation frequency of 7.9610 24 substitutions per nucleotide. From the total number of mutations found and the total number of nucleotides sequenced (27 899) the average mutation frequency in the three genomic regions is 3.58610 24 substitutions per nucleotide (confidence interval 99 %: 1.33610 24 to 6.59610
24
). Considering that the HSV-1 genome has 152 400 bp (Szpara et al., 2010) , and assuming that the number of mutations found reflects the average number of mutations per genome, the HSV-1 clones subjected to multiple plaque-to-plaque transfers accumulated an average of 54.62 mutations per genome (confidence interval 99 %: 20.31-116.86). Since the average number of transfers undergone by the 23 HSV-1 clones that have been analysed by nucleotide sequencing is 9.6 ( Fig. 1 and Table 1 ), an average of 5.7 mutations accumulated per genome and plaque transfer (confidence interval 99 %: 2.12-12.17). Thus, plaque-to-plaque transfers of HSV-1 lead to an accumulation of mutations in the viral genome.
Effect of bottleneck passages on HSV-1 neurovirulence for mice
Four of the clones subjected to plaque-to-plaque transfers in 143 TK 2 cells (F 8 , Q 10 , R 2 and S 10 ), and their corresponding parental ones (F 1 , Q 1 , R 1 and S 1 ) (Fig. 1) were plated, amplified and titrated on Vero cells. S 10 and Q 10 were selected because they underwent 10 transfers without apparent loss of tissue culture infectivity in 143 TK 2 cells; F 8 and R 2 were selected because they lost their tissue culture infectivity before the 10 serial transfers in 143 TK 2 cells could be completed. The eight clonal populations were compared with the parental F strain regarding neurovirulence, following intracerebral inoculation of mice with the same number of infection units [10 3 6 50 % tissue culture infective doses (TCID 50 )]. Each of the initial plaques displayed an LD 50 value that was 2.0-to 2.4-fold higher than that of the parental strain F. The LD 50 was 3.8-to 66-fold higher for the clones subjected to plaque-to-plaque transfers than for their corresponding parental clones (Table  2) . Thus, isolation of individual biological clones from the parental F population resulted in a modest decrease of neurovirulence for mice and plaque-to-plaque transfers resulted in further attenuation, in some cases with a dramatic change in a single transfer (compare R 1 and R 2 in Table 2 ).
To further ascertain that subjecting HSV-1 to serial plaqueto-plaque transfer resulted in virus attenuation, a survival analysis was performed with the mice that had been inoculated with 10 3 TCID 50 of each of the initial (F 1 , Q 1 , R 1 and S 1 ) or passaged (F 8 , Q 10 , R 2 and S 10 ) clones. Survival was evaluated with the Kaplan-Meier method (Goel et al., 2010) (Fig. 3) . While mice inoculated with the initial clones died earlier than 6 days post-inoculation, 56 % of mice inoculated with the transferred clones survived throughout the experiment (21 days) (P,0.001; log rank test). There were no significant statistical differences among the parental clones and the original strain F population with respect to neurovirulence in mice (P50.67; log rank test). Thus, serial plaque-to-plaque transfers of HSV-1 in cell or with the same dose of virus subjected to plaque-to-plaque transfers (F 8 , Q 10, R 2 and S 10 ). Mortality was followed over a 21 day period. P,0.001 (log rank test). Procedures are described in Methods.
culture resulted in average fitness decrease, acquisition of mutations in the viral genome and significant decrease of neurovirulence for mice. Thus, we conclude that Muller's ratchet operates in HSV-1, and that it can alter salient biological properties of this complex DNA virus.
DISCUSSION
Genetic variation of RNA viruses is an essential feature of their life cycle that promotes virus adaptability and shortterm and long-term persistence in a broad range of environments (Domingo et al., , 2001a (Domingo et al., , b, 2006 Domingo & Holland, 1997; Drake & Holland, 1999 (Drake, 1991) , and that the value for HSV-1 was comparable to that for other DNA-based genomes (Drake & Hwang, 2005) . In the case of RNA viruses, mutation rates and frequencies are within the range of 10 23 to 10 25 substitutions per nucleotide copied (Batschelet et al., 1976; Drake & Holland, 1999; Sanjuán et al., 2010) , while for DNA genomes values per base pair vary over a wider range but converge to a similar value when referred to mutations per genome (Drake, 1991) .
Theoretical treatments predict the existence of an error threshold (maximum allowed mutation rate) for maintenance of genetic information, which correlates inversely with genome size (Domingo et al., 2001a; Eigen & Schuster, 1979; Nowak & Schuster, 1989; Ochoa, 2006) . Thus, a limitation of the mutation rate is expected to preserve the genetic information of the more complex DNA genomes (Domingo et al., 2001a; Eigen & Schuster, 1979) , in a way analogous to a 39 to 59 exonuclease function that limits the mutation frequency of some coronaviruses, the most complex RNA genomes characterized to date (Denison et al., 2011; Eckerle et al., 2007 Eckerle et al., , 2010 . Interestingly, despite the HSV-1 genome being about 15-fold more complex than the genome of most RNA viruses, the number of mutations per genome and plaque transfer estimated for HSV-1 is 2-to 20-fold larger than estimated for foot-andmouth disease virus (FMDV), vesicular stomatitis virus (VSV) and human immunodeficiency virus (HIV-1) ( Table  S2 ). The TK mutation observed occurred in eight clones, suggesting that it might provide some selective advantage in the course of the transfers in 143 TK 2 cells (Table 1 ). The HSV-1 genomic regions (belonging to the polymerase, glycoprotein gD and thymidine kinase genes) used to sample the presence of mutations in HSV-1 clones, were chosen because they represent structural and non-structural, as well as dispensable and essential genes (McGeoch et al., 2008; Roizman et al., 2007; Szpara et al., 2010) . They should mirror the entire HSV-1 genome in terms of point mutation acquisition because in a comparison of strains 17, H129 and F, mutations were distributed along the entire coding-region, and the number of substitutions in the DNA polymerase, glycoprotein D and thymidine kinase did not differ significantly from the average for all encoded proteins (Szpara et al., 2010) . Therefore, it is unlikely that the number of mutations detected in the HSV-1 clones can be a gross overestimate of the average for the entire HSV-1 genome. The operation of Muller's ratchet has been further confirmed by fitness decrease and biological alterations of the passaged clones. Both, the preparation of the initial biological clones (A 1 -Y 1 ) and the subsequent isolation of virus from single plaques, involved a dilution of the viral population and generation of an individual plaque (or a few isolated plaques) on the monolayer. This procedure (described in Methods) excludes that defective HSV-1 genomes can accumulate and be responsible for fitness decrease. Moreover, plaques from population F were subjected to large population passages, conditions under which defective genomes are likely to accumulate, and no decrease in virus titre was observed. This experiment served as a control to ensure that titre decrease was associated with plaque-to-plaque transfers (Fig. 2) , and ruled out the participation of defective genomes in fitness loss. Any type of genetic lesion can contribute to Muller's ratchet.
Normalization of the average number of mutations per genome to the number of nucleotides (or base pairs) of the corresponding genomes (Table S2) 24 and 3.8610 25 mutations per nucleotide and plaque transfer for FMDV, VSV, HIV-1 and HSV-1, respectively. It must be emphasized that these values represent rates of acceptance of mutations in the viral genomes under the specific passage regime represented by serial plaque transfers. Additionally, deleterious mutations may occur that are selected against during plaque development. The values obtained did not take into consideration a number of parameters that are very difficult to define and to enter into the calculations, and that may contribute to differences among viruses. Among these parameters are the number of rounds of genome copying in each infected cell, the pattern of genome copying during RNA or DNA replication (linear versus exponential), and the requirements for plaque formation on the chosen cell monolayer. In this respect, it is highly significant that clones F 8 and R 2 lost the ability to produce plaques on 143 TK 2 cell monolayers, but produced plaques on Vero cells. This provides clear evidence of the environmental-dependent nature of viral fitness, which was previously documented for RNA viruses (Domingo et al., 2001a; Domingo & Holland, 1997; Pariente et al., 2001; Quiñones-Mateu & Arts, 2006) .
The mutations accumulated in the HSV-1 genome during plaque transfers can have major biological consequences for virus behaviour, as shown by remarkable decreases in neurovirulence for mice (Table 2 and Fig. 3 ). Equivalent amounts of infectious particles of the clones to be tested were inoculated directly into the brain (Pelosi et al., 1998) to restrict the pathological manifestation to those that result from viral replication in the brain. Fitness decrease of HSV-1 clones subjected to plaque-to-plaque transfers resulted in remarkable attenuation. Neurovirulence of the initial clones F 1 , Q 1 , R 1 and S 1 was lower than that of the parental strain F. The relationship between viral fitness and virulence is a debated issue. A study of fitness and virulence (defined as the ability to kill the host BHK-21 cells in culture) of FMDV clones subjected to plaque-to-plaque transfers, showed that fitness and virulence can be two unrelated traits: virulence determinants were multigenic and limited to some defined genomic regions, while fitness-decreasing mutations were mapped throughout the entire FMDV genome (Herrera et al., 2007) .
In summary, the present study has documented that in the course of plaque-to-plaque transfers, Muller's ratchet operates in HSV-1 as manifested by accumulation of mutations, fitness decrease and alterations of virulence in an animal model. The results suggest that bottleneck events can have biological consequences for HSV-1, as previously documented for the highly variable RNA viruses. Subjecting DNA viruses to the accumulation of mutations by repeated bottleneck events suggest also a new approach to prepare candidate vaccines. From a more basic understanding of virus behaviour, our results illustrate that as additional evolutionary mechanisms are analysed for RNA and DNA viruses, the more similar the adaptive resources of these disparate viruses appear to be.
METHODS
Cell culture and virus strain. Vero cells and 143 cells [a human osteosarcoma-derived TK 2 cell line (Campione-Piccardo et al., 1979) ] were grown in Dulbecco's modified Eagle medium (DMEM; Gibco Invitrogen Corporation) with 5 % FCS. A TK 2 cell line was selected because we presume that HSV-1 clones with mutations in the TK gene would show decreased ability to grow on a TK 2 system, and they would be more easily detected. For virus titration we used Vero cells, a cell type not related to the cells used for bottleneck passages. All cells were tested, using DAPI staining, to ensure that they were mycoplasma-free.
HSV-1 uncloned strain F (Ejercito et al., 1968) (kindly provided by Dr B. Roizman, University of Chicago, USA) was maintained in the laboratory as a low passage stock. HSV-1 was diluted and plated to obtain a single or few isolated plaques on each cell monolayer, as described for RNA viruses in Lázaro et al. (2003) , with minor modifications. Briefly, each well of a six-well-microplate was seeded with 2 ml of DMEM with 5 % FCS containing 50 000 143 TK 2 cells ml
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. All virus platings were performed by seeding just-confluent cell monolayers with 10-fold serial dilutions of the viral preparations. Plaques were developed under semi-solid medium that contained DMEM with 5 % FCS and 0.7 % agar (Difco), for 48 h at 37 uC and 5 % CO 2 . Virus from well isolated plaques was removed by aspirating the semi-solid medium (50 ml) that covered the plaque with a calibrated pipette, diluted in 0.5 ml DMEM, and titrated by determining the highest dilution (end-point dilution) that caused cytopathic effect upon addition of logarithmic serial dilutions of the virus preparation to Vero cell monolayers. Each viral population was derived from a plaque of the previous plating. Therefore, no high multiplicity infections were involved in any step of the experimental procedure. Twenty-three initial clones (named alphabetically) were obtained by plating the initial F strain population, and a total of 10 serial plaque transfers were carried out with each initial clone (termed A 1 -A 10 , B 1 -B 10 , etc., as indicated in Fig. 1) . The viral clones to be tested for neurovirulence were titrated by determining the highest dilution of an infected cell culture supernatant, which produced cytopathic effect in 50 % of the cell monolayers inoculated (TCID 50 ). For this purpose, logarithmic dilutions of each clone preparation were inoculated onto Vero cell monolayers prepared in 96-well microtitre plates. Monolayers were observed every day during 4 days for the appearance of cytopathic effect. As a control for HSV-1 passage without intervening bottleneck events, initially the F population was diluted to produce 20-50 visible foci in 143 TK 2 cells at 48 h p.i., and the dilution used to infect 2610 6 143 TK 2 cells. This procedure was repeated at each passage, to avoid possibly toxicity derived from high m.o.i. that may result in non-replicative virus (Ashley & Corey, 1989) . At each passage, supernatants were collected and plated to isolate individual plaques in the same manner than above. Five individual plaques from each passage were titrated.
DNA extraction. DNA from infected 143 TK 2 cells was isolated by SDS-proteinase K treatment as previously described (Gó mezSebastián & Tabarés, 2004) .
DNA amplification. PCR amplification was performed using HotStarTaq DNA Polymerase (Qiagen) with 2 mg template and 50 pmol of each sense and antisense primers (Table S1 ). Thirty-five cycles of amplification were performed with a 2 mM Mg 2+ concentration as described previously (Pardeiro et al., 2004) . Since the mutation frequency attributable to Taq polymerase amplification is lower than 1.2610 24 substitutions per nucleotide (Nájera et al., 1995) and the amplified products were 365-441 bp in length, PCR errors cannot influence the values of mutation frequency. PCR products were purified (Montage PCR kit; Millipore) and sequenced using an automatic DNA sequencing system (Multi-capillary sequencer; Applied systems) (Pardeiro et al., 2004) .
Neurovirulence assay. Six-week-old female CDR1 mice were used as the animal model for neurovirulence assays, as described previously (Pelosi et al., 1998) . A total of 180 mice were inoculated intracerebrally with four 10-fold serial dilutions of either the parental HSV-1 F population or with each of four viral parental clones and their four corresponding plaque-to-plaque transferred clones (Fig. 1) , following described procedures (Pelosi et al., 1998) . Briefly, mice were anaesthetized with 3 mg ketamine plus 0.3 mg de xylacine administered intraperitoneally. For each virus dilution tested, five mice were inoculated intracerebrally with 10 ml of the viral inoculum using a tuberculin syringe and a 30 G needle. Mice were observed every 24 h for clinical signs of disease. The number of surviving mice was recorded daily for 3 weeks. The LD 50 was calculated by the Reed and Muench method (Reed & Muench, 1938) . Animal management and experiments were performed with the approval of the Ethics Regulation Committee for Animal Experimentation of the Fundació n Jiménez Díaz.
Statistical analysis. Exact confidence intervals for mutation frequencies at 99 % were calculated (Agresti, 2002) . Kruskal-Wallis non-parametric test was performed in order to study the difference in titres obtained in serial passages. P-values lower than 0.05 were considered statistically significant. For survival analysis, mice were intracerebrally inoculated with 10 3 TCID 50 of four parental or plaque transferred clones. Median values from both parental and transferred clones were estimated at a 95 % CI by the Kaplan-Meier method. Statistical differences in survival among mouse groups were analysed using the log rank test. All statistics procedures were performed using SPSS 15.0 statistical package.
